Wireless visible light communications employing feed-forward pre-equalization and PAM-4 modulation by Li, X. et al.
Strathprints Institutional Repository
Li, X. and Bamiedakis, N. and Guo, X. and McKendry, J. J. D. and Xie, E. 
and Ferreira, R. and Gu, E. and Dawson, M. D. and Penty, R. V. and White, 
I. H. (2016) Wireless visible light communications employing feed-
forward pre-equalization and PAM-4 modulation. Journal of Lightwave 
Technology, 34 (8). pp. 2049-2055. ISSN 0733-8724 , 
http://dx.doi.org/10.1109/JLT.2016.2520503
This version is available at http://strathprints.strath.ac.uk/55386/
Strathprints is  designed  to  allow  users  to  access  the  research  output  of  the  University  of 
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights 
for the papers on this site are retained by the individual authors and/or other copyright owners. 
Please check the manuscript for details of any other licences that may have been applied. You 
may  not  engage  in  further  distribution  of  the  material  for  any  profitmaking  activities  or  any 
commercial gain. You may freely distribute both the url (http://strathprints.strath.ac.uk/) and the 
content of this paper for research or private study, educational, or not-for-profit purposes without 
prior permission or charge. 
Any  correspondence  concerning  this  service  should  be  sent  to  Strathprints  administrator: 
strathprints@strath.ac.uk
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
1 
 
Abstract² In this paper, feed-forward pre-equalization in 
conjunction with a PAM modulation scheme are proposed for use 
in wireless visible light communication (VLC) systems in order to 
enable the transmission of data rates > 1 Gb/s. Simulation results 
demonstrate that simple few-tap feed-forward pre-equalization is 
able to remove the inter-symbol-interference (ISI) caused by the 
limited link bandwidth of a line of sight (LOS) VLC link, 
providing up to 5 dB better receiver sensitivity compared with 
post-equalization. The pre-equalization scheme is implemented 
for a free-space VLC link using a PAM modulation scheme, 
which provides an enhanced spectral efficiency compared to NRZ 
modulation. Micro-pixelated LEDs ȝ/('s) are used as the 
transmitter in this work, as they exhibit higher modulation 
bandwidth than conventional large-diameter LEDs. An 
avalanche photodiode (APD) is used at the receiver to provide an 
enhanced link power budget. Error-free (BER<10-12) 2 Gb/s free-
space VLC transmission over 0.6 m is demonstrated 
experimentally using a simple 3-tap feed-forward pre-equalizer 
and a PAM-4 modulation scheme. The results show that feed-
forward pre-equalization with only a few taps can improve the 
ȝ/('-based link performance greatly, providing a simple and 
cost-effective solution for high speed VLC links. 
 
Index Terms²Feed-forward equalization, pre-equalization, 
visible light communication, micro-LED, APD, pulse amplitude 
modulation (PAM) 
I. INTRODUCTION 
The demand for high speed wireless transmission is 
growing exponentially with the rapid development of mobile 
digital devices and wireless network cloud services. Optical 
wireless communications, with wavelength ranging from 
infrared to ultraviolet using light-emitting diodes (LEDs) or 
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laser diodes, has been proposed and investigated intensively as 
a promising complementary technology to traditional radio 
frequency (RF) transmission systems, as these are currently 
facing the challenge of an overcrowded RF spectrum and the 
resulting capacity bottleneck [1-5]. Wireless visible light 
communication (VLC) systems have been proposed based on 
the deployment of light sources that can provide illumination 
as well as data transmission, such as Gallium Nitride (GaN) 
LEDs. These systems can benefit from the use of the 
increasing deployment of solid state LED lighting technology. 
LED sources provide significant advantages over conventional 
lighting sources, namely lower power consumption, longer 
lifetimes and color rendering capabilities [2]. Moreover, they 
exhibit modulation bandwidths of the order of tens of MHz 
and can therefore be efficiently modulated providing data 
transmission capability as well as their main illumination 
function. The use of such LED-based communication systems 
enables the exploitation of the large (hundreds of THz) un-
regulated visible spectrum, thus overcoming the current 
spectrum crunch in the RF and millimetre wave range [2]. 
Moreover, the use of visible light in indoor wireless 
communications provides important advantages including cost 
and energy efficiency [3] as well as enhanced security owing 
to the light confinement within the walls of a room, and the 
potential for a high degree of spatial reuse. As a result, atto-
cell optical wireless communication systems can be 
implemented providing important capacity enhancements [6].   
VLC links typically deploy intensity modulation and direct 
detection (IM/DD) techniques owing to their simple 
implementation, which matches well the low cost character of 
the LED technology. However, the maximum data rate 
achieved in such systems is typically constrained by the 
limited modulation bandwidth of the LEDs (typically in the 
low MHz range) [7]. As a result, various techniques have been 
proposed and investigated in order to compensate the LED 
bandwidth limitation and improve the achievable data rates: (i) 
advanced modulation formats, (ii) multi-channel 
communication systems and (iii) equalization techniques. 
Advanced modulation formats can offer high spectral 
efficiency, therefore enhancing the channel capacity. 
Orthogonal frequency division multiplexing (OFDM) [8,9], 
carrierless amplitude and phase modulation (CAP) [10] and 
pulse amplitude modulation (PAM) [7,11] have been studied 
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2 
in the context of LED-based links and implemented in VLC 
system demonstrators. In [8], a 3 Gb/s single-LED OFDM-
based wireless VLC link using a GaN micro-pixelated LED 
(ȝ/(') was implemented. An aggregate data rate of 4.5 Gb/s 
was achieved over a red-green-blue (RGB) LED-based WDM 
system using a CAP-64 modulation in [10]. A bi-directional 
ȝ/('-based guided-wave VLC system was also realized in 
[12] with an aggregated data rate of 10 Gb/s achieved over 10 
m of plastic optical fiber using a PAM-32 modulation. To 
realize even higher transmission capacities, multi-channel 
communication techniques, including multiple-input multiple-
output (MIMO) systems [13,14], wavelength division 
multiplexing (WDM) [10,15] and optical spatial modulation 
(OSM) [16,17], have also been deployed in VLC free-space 
links. An imaging-MIMO VLC system using four parallel 
channels has been demonstrated, achieving an aggregate data 
rate of 920 Mb/s [14]. Experimental proof-of-concept 
demonstration of optical spatial modulation OFDM using 
ȝ/('s was also realized, with a maximum data rate of 1.34 
Gb/s achieved [17].  
Equalization is another approach to mitigate the inter 
symbol interference (ISI) in such links and improve the 
achievable transmission data rates. Equalization schemes 
implemented at both the transmitter (pre-equalization) and 
receiver (post-equalization) side of the link have been 
proposed [18-20]. In [18], a multiple-resonant equalizer has 
been implemented at the transmitter, achieving 80 Mb/s data 
transmission with a bit-error-rate (BER) < 10-6 using a white 
LED and non-return-to-zero (NRZ) modulation. VLC post-
equalization circuits, which reshape the channel response at 
the receiver side, have also been investigated, achieving NRZ 
data transmission up to 340 Mb/s [19]. Moreover, the use of 
an adaptive equalization system using a decision feedback 
equalizer has been proposed and simulation studies have 
demonstrated the potential to achieve 1 Gb/s data transmission 
using 4 feed-forward taps and 2 decision feedback taps using 
NRZ modulation [20]. 
In this work, we propose the use of feed-forward 
equalization (FFE) at the transmitter (pre-equalization) in 
conjunction with a PAM modulation scheme in order to 
achieve high data rates of > 1 Gb/s in PLED-based VLC links. 
It is the first time that the feed-forward pre-equalization and 
post-equalization are compared for a free space VLC system 
using a PAM scheme. FFE has already been investigated for 
use in high-speed optical links in order to mitigate ISI and 
extend the transmission capability [21-23]. Significant 
performance improvements can be achieved using a small 
number of equalizer taps, which can be implemented using 
relatively simple electronic circuitry and adaptive control 
algorithms [21]. For example, 55 Gb/s transmission was 
demonstrated using a directly-modulated vertical-cavity 
surface-emitting laser (VCSEL), NRZ modulation scheme and 
feed-forward equalization [24]. In this work, it is shown that 
similar benefits can be obtained in LED-based optical links by 
deploying low-complexity few-tap equalizers.  Moreover, pre-
equalization is compared with post-equalization for such links 
and it is demonstrated that pre-equalization can offer ~ 5 dB 
better receiver sensitivity compared with post-equalization. 
Furthermore, PAM modulation is employed in the VLC links 
studied, as it provides an enhanced spectral efficiency over 
NRZ modulation and requires a simpler implementation than 
OFDM without significant digital processing requirements. 
Herein, simulation and experimental studies are presented on 
wireless VLC links using GaN µLEDs, APD receivers, feed-
forward pre-equalization and PAM modulation schemes and it 
is demonstrated that multi-gigabit transmission over such low-
cost links can be achieved using simple adaptive electronic 
circuitry.  Error-free (BER<10-12) 2 Gb/s transmission is 
achieved over a free-space VLC link, using a simple 3-tap 
feed-forward pre-equalizer and a PAM-4 modulation scheme. 
In the sections that follow, the details of the VLC links studied 
are described (Section II.A), the details of the feed-forward 
equalization are illustrated (Section II.B) and the related 
simulation studies are presented (Section II.C). The 
experimental setups along with the high-speed data 
transmission experiments are reported in Section III. Finally, 
section IV presents the conclusions. 
II. VLC LINK AND SIMULATION STUDIES 
A. VLC link  
The wireless VLC links studied in this work are based on 
the use of GaN µLEDV DQG$3' UHFHLYHUVȝ/('V W\SLFDOO\
KDYHGLDPHWHUVLQWKHUDQJHRIWRȝPDQGFDQSURYLGH
moderate output powers ~1 mW and relatively large 
modulation bandwidths in excess of 100 MHz [25]. Their 
enhanced bandwidth performance over conventional large size 
LEDs is due to their small pixel size which reduces the 
capacitance limitation of conventional larger-size LEDs and 
which also enables much larger current densities through the 
devices [25]. Bandwidths of 450 MHz have been 
demonstrated from 20 µm in diameter 450 nm µLEDs while 1 
Gb/s NRZ data transmission has reported [26]. For this work 
20 µm diameter 450 nm µLEDs are employed. The µLEDs are 
modulated with PAM signals in order to improve the spectral 
efficiency of the link and extend its transmission capability. 
Low-order PAM schemes, such as PAM-4 and PAM-8, are 
studied for the VLC links as they are easy to implement in 
practice with low-cost encoders and decoders.  
At the receiver side, APD-based detectors are employed. 
The advantage of using an APD receiver over a PIN-based 
receiver in VLC link has already been demonstrated [12, 27]. 
The reported studies indicate that APDs can provide a larger 
power budget in such links  and offer an improved sensitivity 
enabling higher data rates or longer reaches [12 27]. 
Therefore, an APD receiver with a LNA is employed in this 
work. For the simulation and experimental studies in this 
work, an 800 µm diameter Si APD is considered, as it exhibits 
reasonable responsivity in the visible wavelength range (0.28 
A/W) and adequate bandwidth (650 MHz) for gigabit data 
transmission. The gain and noise performance of the APD 
detector are experimentally measured and are employed in the 
link simulations presented below. 
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Table 1. Parameters used in link simulation studies 
Component Response Parameter 
ȝ/(D Exponential 
Bandwidth: 150 MHz 
Emission Power: 0 dBm 
Wavelength: 450 nm 
APD 
Raised-
Cosine 
Responsivity: 0.275 A/W  
Bandwidth: 650 MHz 
Modulation 
scheme 
NRZ  2 Gb/s 
PAM-4  
1 Gbaud (2 Gb/s) 
1.5 Gbaud (3 Gb/s) 
PAM-8 1 Gbaud (3 Gb/s) 
 
The transmission channel is a line-of-sight (LOS) free-
space link implemented in the experimental work with optical 
lenses. This LOS VLC link emulates directly-illuminated 
configurations such as workspace desks, meeting rooms or 
work benches while its beam characteristics (coverage, field of 
view) can be adjusted by employing appropriate beam shaping 
elements.  For the simulations, the LOS channel is assumed to 
have a time delayed delta impulse response [28]. No multi-
path reflections are assumed in the model, in order to simplify 
the analysis and demonstrate the benefits of the equalisation 
technique on the basic link by mitigating the limited LED 
bandwidth. 
B. Feed-Forward Equalization 
As indicated in the introduction, equalization is used to 
overcome the bandwidth limitation of the LEDs and mitigate 
the ISI in the VLC link. Equalization has been widely 
investigated for use in radio communication as well as in fibre 
optic systems [21, 29]. A feed-forward (FF) equalizer is a 
linear system whose output is the sum of a set of input signals 
which are appropriately delayed and weighted by the tap 
coefficients:   
> @¦
 
u 
N
n
n TntsCtout
1
)1()(  
where out(t) and s(t) are the equalizer output and input signal 
respectively, Cn (n «N) are the tap coefficients, T is the 
tap delay and N is the number of taps. Fig. 1 shows the 
schematic of such a system while Fig. 2 shows an example of 
a PAM-4 waveform before and after the use of a 2-tap feed-
forward equalizer. A feed-forward equalizer can be easily 
implemented with simple electronic components or a 
transversal filter [30, 31]. High-speed transversal filters with 
adjustable tap coefficients have already been developed [30]. 
For VLC systems, owing to the use of moderate symbol rates 
(in comparison to laser-based optical links), the electronic 
implementation of such equalizer circuits becomes 
straightforward. In this work, we propose the use of a FF 
equalizer at the transmitter side of the link with a small 
number of taps (2 to 5) and a tap delay T that matches the 
symbol period. 
C. Simulation studies  
Fig. 3 shows the basic link model used in the simulation 
studies. The performance of the free-space LOS VLC link is 
evaluated when a few-tap feed-forward pre-equalizer and 
PAM schemes are applied [Fig 3(a)]. As indicated above, the 
key parameters of link components, matching the values of the 
components employed in the experiments, are listed in Table 
1. For comparison, the performance of a similar link is also 
investigated when feed-forward post-equalization is applied at 
the receiver [Fig. 3(b)] and also when NRZ modulation is 
employed. The waveforms of the received signals in each link 
configuration are recorded and processed in order to estimate 
bit-error-rate (BER) performance in each case, employing the 
BER estimation method described in [32,33]. 
To illustrate the operation of the pre- and post- equalized 
 
Fig. 3: Schematic of the (a) pre-equalized and (b) post-equalized free-space VLC system using PAM-4 modulation. 
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Figure 1: Schematic of a feed-forward equalizer. 
 
 
Fig. 2: Waveform of an un-equalized (solid line) and a pre-equalized (dotted 
line) PAM-4 modulating signal for an example data sequence for a 2-tap 
feed-forward equalizer with tap coefficients of (1 -0.55). 
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4 
VLC links, Fig.4 shows the simulated eye diagrams generated 
at each stage of the link for both configurations when the same 
feed-forward equalizer is used. The VLC link is assumed to 
operate at 1.6 Gb/s using 0.8 Gbaud PAM-4 modulation. It 
employs a 2-tap feed-forward pre- or post- equalizer [Fig. 
4(a)]. For the post-equalized link, an un-distorted PAM-4 
signal [Fig. 4(b)] modulates the LED, while the eye diagram 
of the detected signal at the APD is completely closed due to 
ISI [Fig. 4(c)]. Using the 2-tap feed-forward post-equalizer, 
the ISI is removed yielding open eye diagrams [Fig. 4(d)] and 
therefore the transmitted data can be successfully recovered at 
the receiver. For the pre-equalized link, the PAM-4 
modulating signal is pre-distorted using the same FFE 
equalizer at the transmitter side of the link and is used to drive 
the LED [Fig. 4(e)]. The optimum coefficients of the 
equalizers are determined using the minimum-mean-square-
error (MMSE) adaption algorithm [34]. The eye diagram of 
the signal at the APD is shown in Fig. 4(f). The received eye-
diagram is open with 4 clear distinguishable levels indicating 
that the transmitted data can be detected directly without any 
further equalization. The BER performance of each link can 
be estimated by analysing the received waveforms and taking 
into account the noise at the receiver.   
 
Fig. 4: (a) Tap-coefficients of the feed-forward equalizer; simulated eye-
diagram of (b) ideal PAM-4 signal, (c) APD detected signal before post-
equalization, (d) post-equalized PAM-4 signal, (e) pre-equalized PAM-4 
signal and (f) received PAM-4 signal using pre-equalization. 
Simulations for the free-space VLC link are carried out for 
2 Gb/s transmission using NRZ and PAM-4 modulation, 
whilst varying the number of FFE taps from 2 to 5 and the 
BER performance of each link configuration is obtained (Fig. 
5). These results are obtained using optimized tap coefficients 
for each link. For NRZ based links, the feed-forward 
equalizers require at least 4 taps to recover the transmitted 
signal at 2 Gb/s; while simple 2-tap equalizers can be used for 
the PAM-4 based links. Similar BER performance can be 
achieved for both NRZ and PAM-4 links using pre-
equalization. The simulation results demonstrate that pre-
equalization outperforms post-equalization for all the VLC 
links studied. 3 dB and 5.5 dB improvements in receiver 
sensitivity are obtained for the 2 Gb/s PAM-4 and NRZ links 
respectively. This is due to the noise enhancement penalty 
induced in the link by the post-equalization process, as the 
feed-forward post-equalizer amplifies both the received signal 
and the noise, resulting in a degradation of the signal-to-noise 
ratio (SNR) at the receiver. Such a noise enhancement penalty 
does not exist in the pre-equalized link as the feed-forward 
equalizer is implemented at the transmitter side of the link. For 
NRZ based links, the receiver sensitivity is 2.5 dB larger 
compared with the PAM-4 based links as the equalizers have 
larger tap coefficients to remove more ISI, resulting in a larger 
noise enhancement penalty for the post-equalized link.  
Further simulations are carried out on the free-space VLC 
link comparing the performance of a 1.5 Gbaud PAM-4 and 1 
Gbaud PAM-8 transmission, which both provide the same 3 
Gb/s data rate. NRZ modulation would not be able to support 
such high data rate transmission even with a larger number of 
equalization taps. 3 to 5 taps are considered for the PAM-4 
and PAM-8 based links due to the increased symbol rate. 
Again the BER performance of both the pre- and post-
equalized links is extracted and compared (Fig. 6). The BER 
results indicate a 5 dB improved receiver sensitivity for the 
pre-equalized link over the respective post-equalized link. 
Moreover, it is found that PAM-4 modulation outperforms 
PAM-8 and that error-free (BER<10-12) 3 Gb/s transmission 
can be achieved with a 3-tap and 5-tap FFE pre-equalizer with 
a receiver sensitivity of -9.4 and -11.8 dBm respectively. The 
improved performance of PAM-4 over PAM-8 modulation for 
these links is explained by the increased multi-level penalty 
that PAM-8 exhibits. 
The simulated receiver sensitivity for a 10-12 BER for the 
pre-equalized VLC link as a function of the number of taps is 
 
1.25 ns 1.25 ns1.25 ns
Tap-1 Tap-2
-1
0
1 1
-0.45
1.6 Gb/s
(c)
(f)
(b)
(e)
(a)
(d)
 
Fig. 5: Simulated BER performance of (a) NRZ and PAM-4 VLC links and (b) 
PAM-4-based VLC links at 2 Gb/s using pre- and post-equalization with 
varying number of taps. 
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Fig. 6: Simulated BER performance of 3 Gb/s VLC links for different 
PAM schemes using pre-/ post-equalization with varying number of taps.  
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found for the different modulation schemes (NRZ, PAM-4 and 
PAM-8) and data rates (1.6 to 3 Gb/s) and is shown in Fig. 7. 
An improvement in the receiver sensitivity (up to 2 dB) can be 
achieved with a larger number of pre-equalizer taps. However, 
it can be noticed that beyond a certain number of taps no 
further improvement is achieved. Higher symbol rates require 
a larger number of the equalization taps as larger ISI occurs in 
the link. As a result, a PAM scheme would require fewer tap 
than the equivalent NRZ link due to the lower required symbol 
rate. The simulation results indicate that for a particular link 
the optimum modulation and number of taps can be selected. 
In this work, a 29-1 PRBS is used to generate the PAM-4 
modulation signal. In order to assess the link performance for 
a longer pattern which would generate more transitions, the 
use of a longer 215-1 PRBS pattern is also studied with the 
same link model. The simulated received eye diagram for a 
215-1 PRBS and for a 2 Gb/s PAM-4 based VLC link using a 4 
tap equalizer is shown in Fig. 8(a). The simulated received eye 
diagram for a 29-1 PRBS pattern is also illustrated for 
comparison [Fig. 8(b)]. The obtained BER performance for 
the two PRBS with different lengths (29-1 and 215-1) are 
compared in Fig. 8(c) and it is shown that a small power 
penalty < 0.5 dB is induced for a BER of 10-12.  The use of the 
29-1 PRBS pattern in the experiments therefore is not expected 
to result in a significant difference in obtained link 
performance.  
III. EXPERIMENTAL RESULTS  
Fig. 9 shows the experimental setup used for the data 
transmission experiments on the pre-equalized free-space LOS 
VLC link. An arbitrary waveform generator (AWG) is used to 
generate the PAM modulating signals and implement the feed-
forward pre-equalizer at the transmitted side using its built-in 
functions. The generated PAM signal is amplified to 
appropriate voltage levels via an RF amplifier (SHF-826H) 
and modulates DVTXDUHîȝP2 450 nm ȝ/('7KHȝ/('
is biased at a DC voltage of 5 V while the modulating signal 
has a 2 V peak-to-peak amplitude. The optical output is 
collected using an aspheric lens (Edmund #87-161) with a 
numerical aperture (NA) of 0.64. At the receiver side, an 
aspheric lens (Edmund #66-013) is used as a light concentrator 
focusing the light onto the APD receiver (First Sensor AD800-
11). The received electrical signal is amplified using a low 
noise amplifier (LNA, ZFL-1000LN+) and the obtained 
waveforms and eye diagrams are captured using a digital 
storage oscilloscope. The BER performance of the link is 
calculated offline based on the captured waveforms and the 
measured receiver noise characteristics. It should be noted that 
the free-space distance used in the data transmission 
experiments is 0.6 m and is limited by the size of the optical 
bench. Transmission over larger distances of ~5 m is feasible 
as the output beam has a small divergence. In real 
applications, the maximum free-space distance over which the 
VLC link will be operated successfully depends on the 
required coverage, field-of-view and LED output power.  
The VLC link is initially tested using a NRZ modulating 
signal. Fig. 10 shows the received eye diagrams at the data 
rates of 0.5 Gb/s, 0.6 Gb/s and 0.7 Gb/s with a received optical 
power of -14.2 dBm. The obtained eye diagram at 0.5 Gb/s is 
open (Fig 10a), albeit with a very large ISI, while the received 
eye diagram at 0.7 Gb/s LV FORVHG GXH WR WKH OLPLWHG ȝ/('
bandwidth. As expected, NRZ modulation cannot support data 
rates > 1 Gb/s over the VLC link. In order to achieve this, a 2-
tap FFE pre-equalizer is implemented at the transmitter. The 
ȝ/(' is modulated by the pre-equalized PAM-4 signal at 0.8 
Gbaud, providing a data rate of 1.6 Gb/s. Fig. 11 shows the 
eye diagram of the PAM-4 signal at the transmitter and 
receiver side of the link for different values of the 2nd tap 
coefficient with a received optical power of -14.2 dBm [Fig. 
11(a)]. Fig. 11(b) shows the corresponding pre-equalized 
PAM-4 modulating signals while Fig. 11(c) are the respective 
eye diagrams recorded at the receiver. The eye diagrams 
obtained for an un-equalized PAM-4 modulating signal are 
also illustrated for comparison.  
As expected, the uncompensated PAM-4 VLC link fails; the 
received eye diagram is completely closed and therefore the 
transmitted data cannot be directly recovered at the receiver. 
 
Fig 8: Simulation results of (a) received eye-diagram using a 215-1 PRBS; 
(b) received eye-diagram using 29-1 PRBS and (c) BER results for a 2 
Gb/s PAM-4 based VLC link using 4 taps using a 29-1 and 215-1 PRBS. 
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Fig. 7: The receiver sensitivity versus the number of taps of the feed 
forward equalizer for various modulation schemes. 
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Fig. 9: Experimental setup of the free-space VLC using pre-equalization  
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On the other hand, the received eye diagrams for the pre-
equalized 1.6 Gb/s PAM-4 links are open and the 4 signal 
levels are clearly distinguishable. As a result, the transmitted 
data can be recovered directly at the receiver without any 
further signal processing. The BER performance of the each 
pre-equalized 1.6 Gb/s link is calculated for the different tap 
coefficients studied and the results are shown in Fig. 12. 
Based on the obtained BER performance, the optimum value 
and tolerance for the second tap coefficient in this link are 
obtained. Fig. 13 shows the receiver sensitivity for a 10-12 
BER as a function of the value of the second tap coefficient as 
obtained from the simulations and experiments. For a 
particular target receiver sensitivity, the range of values 
satisfying this requirement can be identified. For example if a 
receiver sensitivity of -13 dBm is required in the link, a large 
tolerance is obtained, with suitable values within the range [-
0.65 -0.5] for the experiment and [-0.6 -0.38] for the 
simulation. The experimental results follow the same trend as 
the simulation results but with a small shift in values. This 
difference can be attributed to the slightly different values for 
link bandwidth between the real link and simulation model 
and that non-linearities which are not taken into account in the 
simulation (such as the APD non-linearity). The tap 
coefficients of [1 -0.55] provide the best BER performance 
and the corresponding receiver sensitivity for a BER<10-12 is 
found to be -15 dBm. In practice, the optimum equalizer 
coefficients can be determined experimentally using a training 
sequence and a feedback mechanism. Communications in 
VLC systems are expected to be bi-directional so the real-
world implementation of such equalization schemes can be 
incorporated in the higher-level communication protocols. 
A 2 Gb/s PAM-4 free-space VLC link is also implemented 
using the same experimental setup and a 3-tap feed-forward 
pre-equalizer. The optimum tap coefficients are adaptively 
adjusted so as  to maximize the eye opening of the received 
PAM-4 signal and optimize the link BER performance. Fig. 14 
shows the optimized tap coefficients [Fig. 14(a)], the 
corresponding eye diagrams of the pre-equalized PAM-4 
modulating signal [Fig. 14(b)] and the received signal with a 
received optical power of -14.2 dBm [Fig. 14(c)]. It can be 
noticed that the eye diagram of the received PAM-4 signal is 
open and that the 4 signal levels are clearly distinguishable. 
The estimated BER performance of the link is shown in Fig. 
14(d) along with the respective simulated BER performance. 
Error-free (BER<10-12) 2 Gb/s transmission is achieved for an 
average received optical power larger than -12.2 dBm, while 
good agreement is obtained again between experimental and 
simulation results.  
 
IV. CONCLUSIONS 
Feed-forward pre-equalization is proposed for use in 
wireless VLC systems in conjunction with PAM modulation 
schemes in order to overcome the limited bandwidth of LEDs 
and achieve multi-gigabit (> 1 Gb/s) transmission using low-
complexity electronic circuitry. The proposed VLC links are 
based on the deployment of few-tap simple feed-forward 
equalizers, µLEDs, APD receivers and low-order PAM 
schemes. Both simulation studies and experimental results 
 
Fig. 14: (a) Optimized tap coefficients of the 3-tap FF pre-equalizer, eye-
diagram of (b) the pre-equalized and  (c) received PAM-4 signal; (d) 
BER plots for the optimized 2 Gb/s PAM-4 free-space VLC link. 
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Fig. 10: Received NRZ eye-diagrams of the VLC link at (a) 0.5 Gb/s, (b) 
0.6 Gb/s and (c) 0.7 Gb/s 
 
Fig. 11: (a) Tap coefficients and eye-diagrams of the (b) pre-equalized 
PAM-4 modulating and (c) respective received signal for the 1.6 Gb/s 
VLC link. 
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Fig. 12: BER plots for the 1.6 Gb/s pre-equalized PAM-4 link over 0.6 m 
for various tap coefficients. 
 
Fig. 13: The receiver sensitivity versus the second tap coefficient for the 
1.6 Gb/s PAM-4 VLC link using a 2-tap pre-equalizer. 
B
E
R
10-8
10-12
10-16
10-20
10-4
-20
-16
-12
- 8
- 4
-16 -15 -14 -13 -12 -11
Average Received Optical Power (dBm)
[1 -0.45]
[1 -0.5]
[1 -0.55]
[1 -0.6]
[1 -0.65]
Simulation
-20
-15
-10
-5
0
-0.7 -0.6 -0.5 -0.4 -0.3
R
ec
ei
v
er
 S
en
si
ti
v
it
y
 
@
B
E
R
=
1
0
-1
2
 (
d
B
m
)
Second Tap Coefficient
Series1
2
imulation
Experiment
Tolerance
-13 dBm
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
7 
demonstrate that such schemes can effectively remove the ISI 
caused by the limited bandwidth of the link without using any 
complex digital signal processing. The simulation results 
indicate 3 Gb/s PAM-4 VLC links are feasible using on 3 to 5 
taps in the equalizer and further show that improved receiver 
sensitivities of up to 5 dB can be achieved by employing pre-
equalization over post-equalization. Error-free (BER<10-12) 
1.6 Gb/s and 2 Gb/s PAM-4 data transmission are achieved 
over a free-space VLC link using a 2-tap and 3-tap feed-
forward pre-equalizer respectively, a 450 nm ȝ/('
transmitter and a Si APD receiver. The results showcase the 
potential benefits of pre-equalization in high-speed VLC 
systems, providing a cost-effective, energy-efficient and low-
complexity approach to overcome the bandwidth limitation. 
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